Abstract. The effects of rice growth environment on malaria transmission, taking into account spatial correlation, were assessed in the Office du Niger, Mali. Between April 1999 to January 2001, 8 quarterly entomologic surveys were conducted in 18 villages in 3 agricultural zones. Vector densities in sleeping houses were related to rice crop, rice development stages, vegetation abundance, water state, and seasons. They were high throughout the rice-growing seasons, increased as the rice crop developed, and decreased as vegetation became abundant. They also showed large spatial correlations (up to 30.6 km). The vectorial capacity exhibited both seasonal and village-to-village variation. Parity and the human blood index were weakly related to adult densities and showed low spatial correlations (up to 3.4 km), which suggested that small area variation in malaria transmission results mainly from variations in vector-human contact. Control strategies in rice cultivation areas should pay attention to this local variation.
INTRODUCTION
Many studies have been carried out in Africa to assess the impact of rice cultivation on malaria. However, no consistent association has been found between irrigated rice fields and malaria transmission measured by classic entomologic methods. 1 It has been reported that transmission intensity in irrigated settlements is higher, similar, or lower than in neighboring villages outside the irrigation scheme depending on the malaria situation before the implementation of the irrigated projects. 1, 2 Little attention has been paid to the spatial variation in malaria transmission in the rice agro-ecosystems because they are generally monocultures and are considered to be homogenous. However, rice-growing environments change during rice development and vary significantly within and between countries. 3, 4 This variability affects the risk of malaria transmission in large irrigated rice-cultivation areas.
The Office du Niger, in the district of Niono, Mali, represents one such area where two main environments result from an ongoing renovation process: renovated and non-renovated ( Figure 1 ). Our previous study used remote sensing data to map anopheline breeding sites and described the relation between mosquito densities, survival rates, zoophilic rates, and vectorial capacity to explain the low prevalence of malaria. 5, 6 In the current study, we reanalyze the same data to assess the effects of rice growth environmental features on malaria transmission parameters to get an insight into the spatial variation of malaria risk within a large-scale irrigated ricecultivation area. This work was complemented by repeated cross-sectional anopheline larval collections in selected rice plots, which will be published elsewhere.
MATERIALS AND METHODS
Study area. The study was carried out in the Office du Niger area (Figure 1 ) located in the inner delta of the Niger River, 350 km northeast of Bamako, Mali, in the prefecture of Niono, in the region of Sė gou. This area comprises a colonialera irrigation system that has undergone upgrading/repairing starting in the 1980s. At the time of the study, the Niono and Ndebougou zones were renovated, unlike the Molodo zone, and a surface of 68,000 hectares was used for rice cultivation. 7 The district of Niono has approximately 360,000 inhabitants with 180,000 living in the irrigated area. Approximately 44% of the population is less than 15 years of age and only 20% is literate. The production system is based on animals (cow, donkey) that are used for plowing, for producing organic fertilizer, and as pushcarts. Some farmers are also involved in the production of meat and milk.
Depending on the quality of water supply and regimen control, there are three categories of rice plots: controlled plots, shallow water regimen plots that are cropped either once or twice a year, and unbounded plots with maximum sustained water depths. The first two categories have adequate delivery and disposal of excess water, and the last category has a poor draining system. In the renovated zones, all plots are shallow controlled water plots and in the un-renovated zone of Molodo all three plot types are encountered.
Study sites. Eighteen villages were selected in the three agricultural zones of Niono, Ndebougou, and Molodo ( Figure  1 ). The selection criteria were 1) a minimum distance of 2 km between 2 selected villages, 2) accessibility in all seasons, and 3) village cooperation. Each selected village was georeferenced using handheld GPS receivers (Trimble GeoExplorer II). A population census indicated that the median number of inhabitants per village was 963 (minimum ‫ס‬ 600, maximum ‫ס‬ 2,080).
Rice growth cycle. The typical rice cultivation cycle occurs from June to December and includes 1) a sowing-transplanting phase (June-August), 2) a growing phase (AugustNovember), and 3) an after-harvest phase (November-December). A second and shorter cultivation cycle (or off season crop) occurs from January to May. The duration of the rice cycle varies between 120 and 150 days, depending on the rice variety.
Following the practice of the Office du Niger administration, we categorized the growing stages of the rice as follows: 1) fallow/plowing (no rice), 2) early vegetative (tilling), 3) vegetative (elongation), 4) reproductive/flowering (gaining), and 5) maturation (mature grain). In addition, we recorded whether fields were fertilized, pre-irrigated, or undergoing irrigation. We also recorded crop type (rice/vegetable/fallow), vegetation abundance, rice state (sparse/dense), water turbidity, soil type, and rice plot types (Table 1) .
Mosquito collections and processing. Between April 1999 to January 2001, 8 cross-sectional surveys were carried out in 18 villages to determine mosquito adult abundance, human biting rates (MBR or ma) rates, parity rate (PR or P), human blood index (HBI or a), and thus, the vectorial capacity (VC or C). The surveys were scheduled according to rice cropping activities and carried out in The PSCs were carried out during daytime in houses using an aerosol of 0.3% pyrethrum sold under the label of Timor. During each survey, 30 compounds (conglomerate of houses) were randomly selected from the list of the compounds in each village. The collection was performed in one house per compound by two teams of three collectors each during two consecutive days in each village. The total number of mosquito collected and the number of sleepers in the house were recorded.
In each village, HBCs were performed at night by two collectors using a mouth aspirator 8 and sitting inside and outside of each 1 of 2 sentinel houses at least 200 meters from each other from 6:00 PM. to 6:00 AM. 7 In both cases, mosquitoes were morphologically identified and malaria vectors selected (Anopheles gambiae s.l. and An. funestus). Mosquitoes from HBC ovaries were dissected and their tracheoles were examined to determine their physiologic parity. 8 Blood meals of blood fed and semi-gravid mosquitoes from PSCs were used to determine the HBI by enzyme-linked immunosorbent assay. 9 A polymerase chain reaction (PCR) method was used to determine the species of An. gambiae s.l. (An. gambiae s.s. versus An. arabiensis). The potential malaria transmission was estimated by the vectorial capacity formula C ‫ס‬ ma 2 P n /(−log P) of An. gambiae s.l., which is the abundant vector, 10 where C represents the expected number of inoculations to human from an infected person per time unit, ma is the human-biting density, a is the product of the human-biting habit (estimated to be two days in Mali) and the human blood index (proportion of mosquitoes fed on human), P is the average daily survival of the female mosquito, and n is the mean extrinsic period of development of the parasite in the mosquito (estimated to be 12 days in the study area). We applied the parity status method to estimate mosquito longevity. 11 This approach does not incorporate effects of unstable age structure of mosquito population or irregular feeding pattern. 12 However, the large time intervals of three months between our surveys did not allow us to apply alternative methods.
13-15 FIGURE 1. Study area in Mali showing the irrigation scheme, the agricultural zones, and the study villages.
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Statistical analysis. The data were entered and cleaned in SPSS version 11.0 (SPSS Inc., Chicago, IL) and analyzed in STATA version 8.0 (Stata Corporation, College Station, TX) and WinBUGS version (Imperial College and Medical Research Council, London, United Kingdom). Mosquito densities and human-biting rates were summarized by geometric means. Poisson regression analyses were performed to assess the bivariate relations between mosquito density and a set of rice-growth related predictors. A Bayesian spatial Poisson model was fitted in WinBUGS on the vector density data with explanatory those variables that appeared significant at a 15% significance level in the bivariate regressions. This model was used to quantify spatial correlation in the mosquito density and to adjust the significance of the predictors under the presence of these correlations. In particular, we assumed that the mosquito density Y it in village i and survey t follow a Poisson distribution Y it ∼ P 0 ( it ). Spatial correlation was modeled by village-specific random effects i , i ‫ס‬ 1, . . . , 2 is the spatial variance, models the rate of correlation decay and d ij the distance between the centroids of villages i and j. For the exponential correlation structure specified above, the minimum distance that correlation becomes less than 5% is given by 3/. 16 Temporal correlation was introduced by assuming an autoregressive process AR (1) of order 1 on two-week-specific random effects v t ‫ס‬ 1, . . . , 48. The predictors as well as the spatial and temporal effects were modeled on the log scale of the mean parameter µ it of the Poisson distribution that corresponds to the average mosquito density in village i and two weeks t log(µ it ) ‫ס‬ X T it ␤ + i + v t where X it is the predictors of vector and ␤ are the coefficients of the predictors. A non spatial-temporal Bayesian model was also fitted in WinBUGS. The deviance information criterion (DIC) was used to assess the goodness-of-fit of the models. 17 The smaller the DIC is, the better the fit. In a separate analysis, we linked the larval density data with the vector adult data using a Bayesian spatial Poisson model to assess the relation between larvae and vector-related transmission indicators. In particular, we extracted from the larvae data set those collections made two weeks prior to the adult data collection that allowed a two-week lag for the larvae to become adults. The Pearson's chi-square test was applied to assess seasonality in the PR and HBI. A Bayesian spatial logistic regression was used to look at the relationship between HBI and mosquito density. The Kruskal-Wallis test was used to compare the median vectorial capacity by season and by agricultural zone. Bayesian spatial Poisson models were fitted in WinBUGS to assess the relation between the adult density and environmental factors, as well as adult density and larval density. Previous studies 12 have already shown that An. gambiae complex and An. funestus were responsible for malaria transmission in the area; therefore, we focused only on these species.
RESULTS
Vectors population composition and structure. A total of 366,657 specimens of malaria vectors (An. gambiae s.l. and An. funestus) were collected. Anopheles gambiae s.l. was the predominant species with a relative frequency of 90.2%. Higher frequencies of An. funestus were observed at the end of the rainy season and during the dry cold season, specifically in villages located in the non-renovated zone of Molodo.
Results from the PCR identification-based method show that An. gambiae s.l. was composed of 93.1% An. gambiae s.s. and 6.9% An. arabiensis (n ‫ס‬ 891). The highest relative percentage of An. arabiensis (31.2%, n ‫ס‬ 93) was observed at the end of the rainy season.
Malaria transmission parameters. Figure 2 shows the variation of the geometric mean density per house, the PR, and the HBI of both An. gambiae s.l. and An. funestus. Over the study period, the mean density per house was 69. 5 Spatial analysis of malaria transmission parameters. Bivariate and multiple non-spatial and spatial Poisson models were fitted to assess the association between mosquito density and rice growth-related environmental features ( Table 1 ). The goodness of fit criterion indicates that the spatial multiple model fits the data better (DIC ‫ס‬ 4,360.0) than the nonspatial model (DIC ‫ס‬ 5,092.8). The good predictors of vector density were rice crop, rice development stages, vegetation abundance, water state, and seasons. Field types, which was a good predictor of mosquito density in the non-spatial model, was no longer significant in the spatial multiple Poisson model. Tilling stage of rice, which was not significantly correlated with mosquito density in the multiple independent model, became negatively related in the spatial model. The association of abundant vegetation category to mosquito density changed from positive in the multiple independent model to negative in the spatial model. This clearly illustrates how the standard statistical method, which assumes independence of observations, can overestimate or underestimate the standard error and the significance of the covariates when they are used to analyze spatially correlated data. 18 The data show a spatial correlation up to a distance of 30.0 km (95% CI ‫ס‬ 22.2-133.2), which was not accounted for in the non-spatial model.
A separate multiple spatial Poisson model was fitted to assess an association between larval density in rice fields and adult density in human settlements. The model estimated a density ratio of 1.005 (95% CI ‫ס‬ 1.0013-1.0016) for every increase of adult density by one mosquito. When adjusted for the environmental covariates, the larval density was no longer significant. Spatial correlation was strong and decreased to less than 5% at 35.5 km (95% CI ‫ס‬ 21.1-427.4).
Spatial logistic models showed that seasonality was significantly associated with PR and HBI for An. gambiae s.l. and An. funestus (Table 2 ). Both species were also less likely to feed on humans during the rainy, end of rainy, and dry hot seasons than during the dry cold season. Anopheles gambiae s.l. was less likely to be parous during the dry hot and rainy seasons than during the dry cold season. The odds of parity in An. funestus were significantly higher during the dry hot season (odds ratio ‫ס‬ 8.27, 95% CI ‫ס‬ 4.95-13.29) and significantly lower during the rainy season and end of rainy season relative to the dry cold season. Mosquito density was significantly associated with the PR and HBI for An. funestus but not for An. gambiae s.l. The minimum distances at which there was no spatial correlation in PR and HBI were 3.36 km (95% CI ‫ס‬ 1.41-21.29) and 3.17 km (95% CI ‫ס‬ 1.41-19.96) for An. gambiae s.l. and 2.56 km (95% CI ‫ס‬ 1.39-15.13) and 2.17 km (95% CI ‫ס‬ 1.39-7.31) for An. funestus.
DISCUSSION
The aim of this study was to assess malaria transmission parameters in a large scale-irrigated rice cultivation area and taking into account the spatial correlation present in the data. The main species were An. gambiae s.l. and An. funestus. These are also the most common species in western African rice cultivation areas. 19, 20 Among these two species, An. gambiae s.l was predominant, accounting on average for 90% (n ‫ס‬ 366,657) and was particularly abundant during the rainy season of 1999 and 2000 and the dry hot season of 1999 (second agricultural cycle). The lowest density of An. gambiae s.l. during the second agricultural cycle period of 2000 was related to restrictions imposed in rice cropping by the agricultural department to clean the draining system. During this period, the remaining stagnant water in the canals was used by An. funestus as breeding habitats. 21 At the end of the rainy season and during the dry cold season, the frequencies of both species reached similar levels. This seasonal variation in the frequency ratio of the two species is commonly observed and it is related to their ecology. 22 The sun-loving An. gambiae s.l. colonizes rice fields at the transplanting period and is replaced by the shade-loving An. funestus when rice plants cover the fields.
The negative association between the adult density with PR and HBI in the Office du Niger has been already reported and has been also observed in neighboring Burkina Faso. 6, 19, 23 The most likely explanation is that when the mosquito density increases, individuals take more protective measures (i.e., bed net use) that may divert mosquitoes to animals such as cattle. This argument is supported by the exceptionally low HBI of the anthropophilic species of An. funestus in spite of its very high PR. Whereas a negative association between adult density and HBI has been observed in the Office du Niger, Mali 6, 19 The vectorial capacity was relatively low with a seasonal and village-to-village variation. The median vectorial capacity was higher in the non-renovated zone of Molodo than in the renovated zones of Niono and Ndebougou, but the statistical significance was borderline. The inadequate water disposal system of the non-renovated zone may have raised the relative humidity that aids mosquito survival 1 and therefore the vectorial capacity. The higher prevalence of An. funestus in this zone may have also contributed to this finding. The deficiency in the draining system of this agricultural zone has created deep, vegetated, and persistent water bodies that are used by An. funestus as breeding habitats. However, it is important to note that in this study our estimate of the vector survival did not take into account the recruitment rate in mosquito population, which can have an impact on the PR and thus on season-specific vectorial capacity estimates. Unfortunately, the large sampling interval of our data did not enable us to use alternative approaches. However, the possible bias in the estimates of the vectorial capacity should not be reflected in the comparison between locations because the same method was applied.
Our data showed that shallow controlled plots used for the two agricultural cycles (twice a year) produced fewer larvae than all other plots types. The better draining system has shortened the time they serve as breeding sites for anophelines. Research on water management in rice plots reported numerous and lasting-breeding habitats even after harvesting in inefficiently drained plots. 21, 24 However, more studies are required to rigorously support this observation because restriction was made in cropping during the second year of our study period.
Adult densities showed marked seasonality. However, they were large enough to sustain transmission throughout the year. This is almost certainly due to the current cultivation methods, which are characterized by overlaps between several agricultural cycles. 20, 21 In spite of the high densities during the rainy season, the potential for transmission was lower than in the dry season. This could be explained by the decreases in HBI (a measure of vector-human contact) and PR (a measure of vector longevity) during that period (Figure 2 ). In the dry season, lower vector densities may lead to relaxation of individual protection. Vector-human contact may also be higher during the dry hot season because people spend longer periods outside.
Spatial correlation in mosquito density data was significant at distances up to 30.6 km, which indicated that the number of mosquitoes per house is related to the number of mosquitoes up to 30.6 km apart. This strong spatial correlation is likely to be related to the rice cultivation environment that is associated with mosquito abundance because of the suitable conditions it creates. In addition, our analysis does not include climate-related parameters such as rainfall and temperature, which are spatially structured and might also explain the residual spatial correlation. Spatial correlation in PR was relatively low (up to 3.36 km and 3.17 km for An. gambiae s.l. and An. funestus, respectively). Similarly spatial correlation in HBI is up to 2.56 km and 2.17 km for An. gambiae s.l. and An. funestus, respectively. This weak spatial correlation suggests that PR and HBI are more related to local conditions such as population behavior and economic status, presence of animals, rather than similar environment over large areas. A spatial analysis performed to assess the effect of mosquito density on PR and HBI did not show any significant association other that between PR of An. funestus and mosquito density (OR ‫ס‬ 0.97, 95% CI ‫ס‬ 0.96-0.98). The importance of local environment may also explain the difference we observed in the vectorial capacity from village to village and between the agricultural zones. A separate model linking larvae and adult density suggested that larvae density was significantly related to the mosquito density per house. This association disappeared when we adjusted the density for rice growth environmental factors.
This study is the first to quantify the amount of spatial correlation in rice cultivation areas and to assess the effect of rice growing on malaria transmission taking into account this correlation. Our results show that in the Office du Niger, rice cultivation has created environmental conditions favorable to the occurrence of the two major malaria vectors, which with current agricultural practices, is leading to year-round transmission with a marked seasonality.
Local variation was observed in mosquito parity ratio and human blood index, both of which measure the vector-human contact rate and thus the potential for malaria transmission intensity. Attention must be paid to this local variation when implementing control strategies. Similar studies elsewhere in Africa are needed if we are to understand whether these are general features of malaria transmission in large scale irrigated ecosystems.
